We evaluated induction of lymphomas by the methylating carcinogen, N-methylnitrosourea [MNU], in transgenic mice expressing both LMO1 and the DNA repair gene, MGMT, in the thymus. The goal was to determine whether environmental mutagens shorten the latency or increase the incidence of LMO1+lymphomas and whether mice transgenic for both LMO1 and MGMT, and thereby able to repair O 6 -methylguanine DNA adducts induced by MNU, would be protected. Mice heterozygous for LMO1 or MGMT were crossed and ospring treated with MNU at 6 weeks of age. MNU induced lymphoma incidence was highest in the LMO1 mice, 91% and lowest in the hMGMT+mice, 15%. MNU induced K-ras mutations in codon 12 in non-MGMT transgenics resulted in a shorter latency of tumors and accounting for half of the early lymphomas in LMO1 mice. The eect of MNU was abrogated in the LMO1/hMGMT transgenic mice, indicating the ability of MGMT expression to block the carcinogenic eect of MNU even in cancer prone mice. Thus, methylating agents potentiate lymphomagenesis of LMO1, in part through activation of K-ras and the MAPK pathway, a process which appear to synergize with LMO1 mediated transcription activation. O 6 -alkylguanine DNA-alkyltransferase mediated DNA repair eectively blocks chemical carcinogenesis in mice carrying the LMO1 oncogene.
Introduction
Human leukemias and lymphomas arise following accumulation of multiple genetic defects often accompanied by chromosomal translocation or loss of heterozygosity. Defects may be inherited or somatically derived due to environmental exposures or genomic instability. However, in many tumors, the interplay between oncogene activation or loss of suppressor gene function and environmental mutagenesis remains unclear. Human T-cell acute lymphocytic leukemia (ALL) provides a model for such processes because chromosomal translocations have been well characterized whereas the contribution of endogenous or environmental mutagens has not. We evaluated a transgenic model of thymic expression of LMO1, a gene located at the t(11;14)(p15;q11) translocation in human T-cell ALL (McGuire et al., 1992) . Transgenic expression of LMO1 results in lymphomas in mice. We determined whether the methylating agent, methylnitrosourea, MNU, known to produce carcinogenic O 6 methylguanine (O 6 mG) DNA adducts, reduced the latency and increased the incidence of lymphomas in LMO1 transgenic mice.
LMO1, like LMO2 (formerly rhombotin-2), which is translocated in childhood T-cell ALL, t(11;14)(p13;q11) (Royer-Pokora et al., 1991) , is a cysteine rich protein with a typical LIM domain (Boehm et al., 1990 ) which appears to act as a transcription factor. LMO1 encodes an 18 kd protein normally expressed only in discrete areas of the central nervous system during development (Foroni et al., 1992) . In contrast, LMO2 is expressed in a more ubiquitous fashion (Foroni et al., 1992) . In utero, LMO2 is expressed at high levels in the fetal liver and appears essential for early erythroid and B cell development (Warren et al., 1994) .
Transgenic expression of either LMO1 or LMO2 in the mouse thymus results in T-cell lymphomas (McGuire et al., 1992; Neale et al., 1995) presumably through transcriptional activation of genes regulating T-cell development and proliferation. In mouse strains expressing LMO1, a modest increase in T-cells at all stages of development was noted. Tumor onset correlated with the level of LMO1 expression in individual founder derived substrains, with an incidence of 6 ± 50% and a latency of 5 ± 17 months of age (McGuire et al., 1992; Neale et al., 1995) . Most T-cell lymphomas were either CD4+CD8+ or CD47CD8+. In LMO-2 transgenic mice (Neale et al., 1995) use of the metallothionine promoter resulted in ubiquitous expression in transgenic mouse tissues with expansion of primitive CD47CD87 thymocytes and disseminated thymic lymphomas in approximately 15% of mice by 1 year.
Thus, overexpression of LMO1 or -2 leads to increased thymocyte proliferation and a signi®cant risk of lymphoma with reasonably long latency. During the latent period, additional genetic changes may be required to convert the proliferating thymocyte to a malignant cell. This process may be similar to those observed in murine lymphomas induced by chemicals (Newcombe et al., 1988; Breuer et al., 1991; Corominas, et al., 1991) , oncogenes (Breuer et al., 1991; Lindeman al., 1994; Linette et al., 1995) , or tumor suppressor gene mutant mice (Donehower et al., 1992; Angel et al., 1993; Elson et al., 1995) .
Our studies focused on the induction of lymphomas by the methylating agent, methylnitrosourea (MNU) representing environmental and chemotherapeutic methylating carcinogens which appear to contribute to endogenous mutagenesis due to spontaneous formation of methylating nitrosamines (Rebeck and Samson, 1991) . In the mouse, induction of thymic lymphomas by MNU is dose dependent (Zaidi et al., 1995a) , exhibiting shorter latency and increased incidence with either a single high dose or multiple dose schedule compared to a single low dose (Dumenco et al., 1993; Elson et al., 1995; Zaidi et al., 1995a) . The induction of K-ras mutations in codon 12 (GGT) is not surprising because MNU induces O 6 -methylguanine DNA adducts which, if unrepaired, mispairs with thymine during DNA synthesesis, leading to the activating GGT to GAT mutation (Corominas, et al., 1991) . Since this is not found in all MNU induced tumors, other partners may emerge by clonal expansion during latency.
We previously established the role of the O 6 -methylguanine adduct in MNU induced lymphomas by 80-fold overexpression of the DNA repair protein, O 6 -alkylguanine-DNA alkyltransferase, AGT, in the cortical thymocyte of transgenic mice (Zaidi et al., 1995a) , leading to rapid repair of this DNA adduct (Liu et al., 1994) and prevention of MNU induced lymphomas (Dumenco et al., 1993) . In this model, tumor incidence was reduced from over 80% in nontransgenic mice to 0 ± 10% in mice overexpressing the alkyltransferase gene, MGMT. Thus, AGT repair of the O 6 -methylguanine DNA adduct prevents malignant transformation due to MNU.
By crossing heterozygous LMO1 mice with MGMT+ mice and treating the ospring with MNU, we addressed the following issues. Will MNU potentiate the induction of lymphomas ± shorten the latency and increase the incidence ± in LMO1 mice? If so, does the K-ras pathway contribute to oncogenesis? Will MGMT overexpression reduce the incidence of lymphomas in MNU treated LMO1 mice? Our results indicate that MNU increase the incidence and shortens the latency of thymic lymphomas and that MGMT overexpression can reverse this sensitivity in LMO1 mice.
Results

MNU-induced lymphomas in LMO1 and MGMT+ transgenic mice
Four strains of mice were generated by crossbreeding heterozygous hMGMT mice to heterozygous LMO1 mice (+/7, hMGMT only; 7/+, LMO1 only; 7/7, nontransgenic; +/+, hMGMT and LMO1). To examine the relationship between oncogene initiated and chemically induced carcinogenesis, and to assess the role of DNR repair by the alkyltransferase in this process, we treated each group of mice, as littermates, with a single dose of MNU (50 mg/kg) ip at 6 weeks of age. Mice were sacri®ced when they developed signs of thymic lymphoma (shortness of breath, weight loss), at which point all mice had a chest cavity ®lling thymic tumor. A total of 64 mice developed thymic lymphomas by one year of age. No other tumors were observed. As can be seen in Figure 1 , the incidence was highest in the LMO1 only group (7/ +), in which 29/32 (90.6%) mice developed lymphoma with a median latency of 137 days post MNU treatment (range 80 ± 365 days). In this oncogene initiated mouse, MNU acts as a tumor`initiating' and`promoting' agent, increasing the incidence and decreasing the latency of tumors associated with expression of LMO1 ( Figure 1 ) compared to the spontaneous incidence of lymphomas in these mice (McGuire et al., 1992) , which was about 30% at one year of age. The latency was not dierent than that observed with normal mice (7/7) treated with MNU (median, 138 days) but the incidence was greater at one year in the LMO1 mice than in normal mice (incidence, 55.6% (15/27 mice). In mice transgenic for both LMO1 and MGMT (+/+), DNA repair by the alkyltransferase reduced the incidence of lymphomas to 59.3% (16/ 27 mice), and increased the median latency to 227 days. Thus, O 6 -methylguanine adduct repair by the alkyltransferase appears to partially block the lymphomagenic eect of MNU in LMO1 mice. The lowest incidence was seen in the cohort of MGMT+ mice (+/7), where 4/22 mice (15.4%) developed lymphoma with a median latency of 155 days. Comparing groups to the 7/+, LMO1 mice, the incidence of thymic lymphomas was signi®cantly reduced in each of the three groups (P50.02) and the latency was longer in the +/+, double transgenics (P50.05) but not in the other groups (Table 1) . As previously reported, the spontaneous incidence of lymphomas in LMO1+ mice was about 30% with a mean latency of 250 days (from the treatment date of 42 days), whereas for normal mice it was less than 3% at one year (McGuire et al., 1992; Dumenco et al., 1993) .
Cumulative Hazard analysis was used to determine whether the incidences were more than additive between groups. This is shown in Figure 2 The hazard Figure 1 Lymphoma incidence in LMO1 and MGMT transgenic mice treated with MNU. Mice derived from the cross of heterozygous transgenic MGMT+ and LMO1 mice, with the genotypes: hMGMT only (diamond; +/7); LMO1 only (triangle; 7/+) non transgenic (circle; 7/7); hMGMT and LMO1 (square; +/+) were treated with MNU at 6 weeks of age and followed for the development of thymic lymphomas. Symbols represent deaths from causes other than lymphoma rates are identical in the LMO1 and nontransgenic mice exposed to MNU over the ®rst 130 days. Thereafter, the hazard levels o for nontransgenic but continues to increase for the LMO1 mice, suggesting that the LMO1 transgene confers additional hazard to induction of lymphomas above that seen from MNU alone. Since the latency of spontaneous lymphomas is much longer than after MNU, this increased hazard appears due to an interaction between the LMO1 transgene and the MNU lymphoma induction pathway. The protective eect of MGMT is evident by a lower hazard curve for the +/+ double transgenic mice until 160 days (longer latency) even though the incidence of lymphomas becomes the same after 1 year. Thus, MGMT appears to protect from the early but to a lesser extend the late lymphomas in MNU treated LMO1 mice.
K-ras mutations following MNU
To determine whether activation of the K-ras oncogene was involved in lymphomagenesis, a sensitive RFLPbased PCR assay was used. We and others have reported activating G to A point mutations in codon 12 (GGT to GAT) of K-ras after a single injection of MNU (Corominas et al., 1991; Zaidi et al., 1995a) . Since other sites of K-ras mutation are rarely described after MNU, we concentrated on mutations in codon 12. Mutations in codon 12 are more often found in lymphomas from LMO1 mice (38%) than either nontransgenic (20%) or hMGMT+/LMO1+ mice (14%) and none were found in lymphomas from hMGMT+ mice. G to A mutations in codon 12 were not found in 20 untreated LMO1+ mice which developed thymic lymphomas. One non-G to A mutation in codon 12 was identi®ed in this group. No non-G to A mutations in codon 12 were identi®ed in any MNU-induced lymphomas. The latency observed with K-ras mutant tumors was shorter than in K-ras wild type tumors (107+15 vs 171+61 days, P50.0005, Figure 3) , suggesting a biologic impact of the K-ras signal transduction cascade in the pathogenesis of the lymphomas. Since most of the K-ras mutant tumors occurred in LMO1+ mice, it is of interest that half of the early lymphomas in this group carried a Kras mutation. Thus, one pathway by which MNU appears to potentiate tumorigenesis in LMO1+ mice is through O 6 mG-mediated lesions which appear to occur at the second G in codon 12 of K-ras, creating an activating G to A mutation. However, K-ras mutations did not occur in all of the early tumors and cannot explain all of the increase in tumor incidence observed after MNU. In addition, K-ras mutations do not appear to play a role in spontaneous LMO1 thymic lymphomas in the mouse.
The T-cell phenotype of lymphomas was determined by FACS analysis of surface antigens. Lymphomas from each group had similar characteristics: (30/42) were CD4+/CD8+ and 32/42 were TCR+/thy1+. All lymphomas had evidence of a T-cell lineage by one of these markers. Likewise, clonality was determined by TCRb rearrangement and expression as described (Haqqi, et al. 1992) . All lymphomas had TCRb clonal rearrangments by Southern analysis (data not shown). Additionally, we detected expression of rearranged V b transcripts by RT ± PCR using sixteen oligonucleotides which amplify TCR V b mRNA transcripts. In each tumor, only one or two transcripts were seen, con®rming monoclonality and in some cases oligoclonality (data not shown) of the thymic lymphomas. The presence of MGMT or LMO1 did not predispose to a particular V b isotype rearrangement. All tumors were large cell lymphomas. Metastatic involvement of spleen, lung, kidney or liver was observed in between 38 ± 64% of mice from each group and a leukemic phase was present in 8/13 nontransgenics, 14/24 LMO1, 9/14 double transgenic mice but not in the four lymphomas occurring in hMGMT mice. Figure 1 were analysed for hazard by standard statistical techniques using Statview software. The cumulative hazard risk is shown for each group. The symbols are as shown in Figure 1 Figure 3 Eect of K-ras mutation on the latency and incidence of MNU induced lymphomas. Lymphomas were analysed for the presnce of K-ras mutations and the lymphoma incidence was plotted according to the presence or absence of the activating Kras codon 12 mutation Prevention of lymphomagenesis in LMO1 by MGMT E Allay et al
Discussion
Knudson theorized that human malignancies arise following the accumulation of more than one genetic abnormality (Knudson, 1995) , one of which may be inherited while others are acquired through spontaneous or environmentally induced mutations. While numerous transgenic models have been developed to recreate the carcinogenic process using a single known human oncogene, there is a poor understanding of the genetic abnormalities that occur during periods of latency and how these models might be used to understand cooperativity between dierent carcinogenic pathways and insults. In the studies reported here, we have combined two separate approaches to investigate this issue by exposing mice carrying the known human oncogene LMO1, which is associated with T-cell lymphomas in humans (Kaneko et al., 1989) , and transgenic mice (McGuire et al., 1992) , to MNU, a potent methylating agent which also induces thymic lymphomas in mice and forms the same type of DNA damage as procarbazine and dacarbazine, which induce secondary leukemias in man (Gerson, 1993) . Furthermore, recent evidence suggests that spontaneous methylation of DNA takes place as a result of endogenously produced methylating agents (Mackay et al., 1994; Xiao and Fontanie, 1995) with subsequent mutational events identical to those produced by MNU. For this reason, MNU may mimic, albeit in an accelerated fashion, the eect of endogenous formation of carcinogenic methylating agents occurring spontaneously in humans over a sustained period of time.
We found that MNU reduces the latency of lymphomas in LMO1 transgenic mice and caused an additive increase in tumor incidence. Early after MNU, the hazard curves were identical in LMO1 and normal mice treated with MNU but diverged after approximately 130 days when they leveled o in normal mice and increased in LMO1 mice. These results are consistent with the Knudson hypothesis which predicts that accumulation of multiple hits will increase the incidence of tumors and shorten their latency. Thus, the observed cooperativity between the expression of LMO1 and MNU exposure at 6 weeks of age appears to mimic classical tumor initiation/tumor promotion models with MNU acting both as an initiator to increase the incidence of tumors and as a promoter to shorten the latency.
How is MNU acting as a carcinogen in this model? Our data provide at least a partial answer. First, the eect is clearly dependent on formation of O 6 -methylguanine DNA adducts since rapid removal of this DNA adduct by transgenic AGT expressed in the target tissue, thymus, increases the latency and reduces the incidence of tumors in both MGMT+ and MGMT+/LMO1 mice. This con®rms the protective eect of AGT mediated DNA repair that we originally reported for MNU induced lymphomas (Dumenco et al., 1993) and subsequently reported by us and others for induction of azoxymethane induced aberrant crypt colonic foci (Zaidi et al., 1995b) , and dimethylnitrosamine induced hepatomas (Nakatsuru et al., 1993) . Recently, the model has been extended to show that MGMT overexpression in the skin can block the induction of MNU induced papillomas using a initiation/promotion model involving the continuous application of tetradecanoyl phorbol acetate (Becker et al., 1996) . In these models, it appears that it is the O 6 -methylguanine DNA adduct rather than other lesions produced by MNU, such as N 7 -methylguanine or N 3 -methyladenine which is carcinogenic. If the other DNA adducts formed by MNU were responsible, then MGMT overexpression, which only repairs O 6 -methylguanine, would not have exhibited the protective eect observed.
Published data suggest that the carcinogenic eect of MNU induced O 6 -methylguanine DNA adducts is through formation of numerous G to A point mutations due to the preferential insertion of a T opposite the adduct by the DNA polymerases (Pauly et al., 1994) . The G to A mutations found in codon 12 of K-ras of MNU-induced lymphomas but not in spontaneous LMO1+ lymphomas or in the small number of lymphomas observed in the MGMT+ mice supports the importance of O 6 -methylguanine adducts in the carcinogenic process, and indicates that MNU is functioning to activate K-ras through mutation in codon 12 (GGT to GAT) which must be formed rapidly after methylation and before repair of the adduct. This mutation accounts for about half of the increased incidence of lymphomas observed in LMO1 mice and appears to account for at least half of the early lymphomas observed. It also explains the marked shortening in the mean latency of lymphomas compared to the spontaneous lymphomas. This provides the ®rst evidence that a LIM family transcription factor can cooperate with a chemical carcinogen to activate the K-ras/MAPK cascade.
There have been two other studies evaluating the role of methylating agents in tumor induction in the background of transgenic, cancer prone mice. Dimethylnitrosamine treated heterozygous p53 knockout mice had an increased incidence of hepatic tumors, primarily hemangiosarcomas (Harvey et al., 1993) , whereas no eect was seen in homozygous p537/7 knockout mice because the incidence of lymphomas was too high. In the tumors of heterozygous p53 knockout mice, 55% of the spontaneously occurring tumors had loss of the wt p53 allele through gene reduplication, however the impact of the methylating agent in this process was not discussed. MNU also increased the incidence of mammary tumors in mice transgenic for MMTV-N-ras (Mangues et al., 1994) . Likewise, ethylnitrosourea increases lymphomagenesis in pim-1 transgenic mice through myc overexpression and, in 10% of cases, K-ras mutations (Breuer et al., 1991) . In a skin tumor initiation/promotion model, heterozygotic p53 knockout mice had an increased incidence of carcinomas but a similar incidence of papillomas following MNU exposure, suggesting a role for the heterozygotic state of p53 in cancer promotion but not initiation (Kemp et al., 1993) . In these models, carcinogenesis is linked to either oncogene activation or loss of the p53 gene, however how the DNA lesion induced by the carcinogen targets the downstream process has not been de®ned.
In summary, we have shown a cooperative eect of MNU on lymphoma induction in mice transgenic for LMO1. Tumor induction is dependent on persistent, unrepaired O 6 -methylguanine DNA adducts because repair of these lesions by the DNA repair protein, Prevention of lymphomagenesis in LMO1 by MGMT E Allay et al AGT, overexpressed in the thymus of MGMT transgenic mice, prevents synergistic tumor induction. We propose that AGT has an important role protecting the genome from DNA adducts which result in mutations that can synergize with oncogenes and or tumor suppressor genes during tumor induction.
Materials and methods
Transgenic mice and MNU treatment
Heterozygous hMGMT mice (C57B1/6xSJL) (Dumenco et al., 1993) were bred to heterozygous LMO1 mice (C57B1/ 6xC3H) (McGuire et al., 1992) . F1 progeny were given 50 mg/kg MNU ip at 6 weeks of age. Mice were followed for 1 year for development of lymphoma and sacri®ced upon showing signs of disease. At sacri®ce, a complete autopsy was performed and tissue samples taken of thymus, liver, spleen, kidney, lung and other tissues appearing abnormal. Leukemia incidence was determined by performing smears on cardiac blood at the time of sacri®ce. WBC counts above 20 000/cc 3 and presence of mitotic cells in the peripheral blood were designated as leukemic. Statistical analysis of incidence, latency and hazard were assessed through the use of standard statistical techniques with the help of StatView software.
K-ras mutation assay 1 ± 2 mm 3 tissue samples from thymic lymphomas were incubated overnight in 50 mM Tris, pH 8.0, 10 mM EDTA, 100 mM NaC1, 1% Triton X-100 (Sigma, St Louis, MO) and 1 mg/ml proteinase K (Boehringer-Mannheim, Indianapolis, IN) at 558C. 1:5 dilutions were boiled and 10 ml used directly in a PCR reaction. Activating G to A point mutations in codon 12 of K-ras were identi®ed as previously described (Zaidi et al., 1995b) . Brie¯y, in a ®rst amplication, the 5' primer was designed to introduce a single mismatch that creates a BstNI restriction site (CCTGG) in wild type codon 12. 5' primer: 5'-TAT AAA CTT GTG GTG GTT GGA CCT-3'. A mutant K-ras allele is enriched for by digestion with BstNI (New England Biolabs, Beverly, MA). A second ampli®cation using the following 5' primer was designed to introduce a single mismatch that creates an HphI recognition site (GGTGA) in mutant codon 12.5' primer: 5'-AAC TTG TGG TGG TTG GAG GTG-3'. The G to A point mutation at codon 12 was con®rmed by digestion with HphI (New England Biolabs, Beverly, MA).
Fluorescence-activated cell sorting
Single cell suspensions of thymic lymphomas were prepared by mincing fresh tissue and ®ltering through a 200 mm nylon mesh followed by separation on Ficoll-hypaque gradients. 1 ± 2610 6 cells were incubated with rat antimouse monoclonal antibodies CD4 (PE conjugated), CD8 (FITC conjugated), thy1.2 (PE conjugated) or TCRa/b (FITC conjugated). Stained lymphocytes were analysed on a Becton-Dickinson FACScan. Tumor phenotype was identi®ed as 35% or more of cells staining positive.
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